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In Brief
Tozer et al. report that the Notch regulator Mib1, enriched via centriolar satellites at the daughter centriole, is inherited by the prospective neuron and regulates asymmetric fate choices. In proliferative divisions, a Golgi apparatus pool of Mib1 compensates for this asymmetry.
INTRODUCTION
Neural stem cells divide asymmetrically to produce differentiating cells while maintaining a pool of progenitors. While studies in invertebrates have emphasized the role of intrinsic fate determinants in this process, the mechanisms at play in the vertebrate nervous system are still unclear. In this context, differential maturation of mother and daughter centrosomes, resulting from the semi-conservative nature of their duplication, has been associated with differential fate choices in several models of asymmetric cell division (Januschke et al., 2011 (Januschke et al., , 2013 Rebollo et al., 2007; Reina and Gonzalez, 2014; Roubinet and Cabernard, 2014; Rusan and Peifer, 2007; Salzmann et al., 2014; Wang et al., 2009; Yamashita et al., 2007) . In particular, in asymmetrically dividing mouse radial glial cells (RGCs) of the developing cortex, the daughter centrosome is preferentially inherited by the differentiating cell (Wang et al., 2009 ). This begs the two following questions: what are the instructive signals for fate determination associated with centrosome asymmetry, and how do cells performing symmetric divisions cope with this intrinsic asymmetry?
The Notch signaling pathway controls binary fate decisions and is essential for progenitor maintenance in the central nervous system (Pierfelice et al., 2011) . Its regulators are good candidates to play a role as fate determinants, i.e., a molecule present in the mother cell, asymmetrically localized in mitosis and promoting opposite fates in the daughter cells (Knoblich et al., 1995) . Mindbomb1 (Mib1) is a mono-ubiquitin ligase that regulates the trafficking of Notch ligands and promotes their activity (Weinmaster and Fischer, 2011) . In the mouse cortex, Mib1 expressed in differentiating cells acts non-cell autonomously to activate Notch signaling in the neighboring RGCs and maintain their progenitor state (Yoon et al., 2008) . Monitoring of Mib1-GFP in zebrafish neural progenitors revealed an asymmetric localization in mitosis (Dong et al., 2012; Kressmann et al., 2015) , but the underlying cellular and molecular bases are unknown. Here, we show that Mib1 fulfills the criteria for a centrosome-associated fate determinant in neural progenitors and provide mechanistic insight into its dynamics during mitosis. Mib1 is enriched at the daughter centriole through its interaction with centriolar satellites and is inherited by the prospective neuron in asymmetric divisions. Strikingly, in proliferative divisions a pool of Mib1 associated with the Golgi apparatus is released when the cell enters mitosis and compensates for Mib1 asymmetry. Finally, we provide evidence that Mib1 centrosomal localization is essential for the asymmetric activation of Notch signaling in neurogenic divisions and regulates the balance between proliferation and differentiation.
RESULTS

Mib1 Localizes with the Centriolar Satellite Markers AZI1 and PCM1 at the Daughter Centriole in Neural Progenitors
We investigated the distribution of Mib1 in chick neural progenitors at the onset of neurogenesis (embryonic day 3 [E3]). Using co-labeling with a centriolar marker, we observed Mib1 in the close vicinity of the centrosome in apical views of the neuroepithelium. Surprisingly, Mib1 appeared preferentially associated with only one centriole ( Figure 1A ). In cultured human cells, Mib1 has been associated with centriolar satellites through its interaction with AZI1/CEP131 and the canonical satellite protein PCM1 (Villumsen et al., 2013) . Centriolar satellites are small granules that gravitate around centrosomes and form a hub regulating the transit of numerous centrosomal and ciliary proteins (B€ arenz et al., 2011; Tollenaere et al., 2015) . While these include proteins involved in ciliopathies and primary microcephaly (Kodani et al., 2015; Lopes et al., 2011; Nachury et al., 2007) , their role during neurogenesis is poorly understood. We investigated Mib1 distribution in relation with these markers. Mib1-GFP co-localized to a large extent with PCM1 and AZI1-Flag during interphase and all three proteins were distributed asymmetrically at one centriole ( Figure 1B ). Using the ciliary marker Arl13b (Caspary et al., 2007) (in blue in all panels of Figure 1C) to distinguish between the mother (at the base of the cilium) and daughter centrioles revealed that Mib1 and AZI1 were strongly enriched at the daughter centriole (Figures 1Ci, 1Cii , and 1Civ; Figure S1A ). PCM1 distribution, although less asymmetric, also displayed a specific enrichment at the daughter centriole (Figure 1Ciii ; Figure S1A ). By contrast, two other satellite markers BBS4-GFP and OFD1-GFP (Lopes et al., 2011; Nachury et al., 2007) were distributed symmetrically and peaked between the two centrioles (Figures 1Cv and 1Cvi ; Figure S1A ). PCM1 is the core element of centriolar satellites and interacts with BBS4, OFD1, AZI1, and Mib1 (Lopes et al., 2011; Villumsen et al., 2013) . Thus, our data reveal an unexpected polarized organization of PCM1-positive satellites relative to centrioles, comprised of a central compartment where BBS4 and OFD1 are present and a daughter centriole-associated compartment enriched for AZI1 and Mib1. Finally, analysis of the distribution of Mib1 over the course of centrosome duplication strongly suggests that Mib1 remains asymmetric following duplication ( Figure S1B ).
We next tested whether Mib1 localization at the centrosome depends on its interaction with satellite proteins. In human cells, the N-terminal fragment of AZI1 (AZI1-Nter) was shown to interact directly with Mib1. To compete with this interaction, we overexpressed AZI1-Nter in the neural tube. Indeed, this displaced Mib1-Myc (red) from the centrosome (blue) ( Figure 1D ). Importantly, neither the localization of PCM1 and full-length AZI1-Flag near the centrosome nor the presence of the cilium were affected by AZI1-Nter ( Figures S1C and S1D) .
We next investigated the distribution of Mib1, PCM1, and AZI1 during cell division. PCM1 and AZI1 remained strongly asymmetric throughout mitosis ( Figures 1E and 1F) , although PCM1 centrosomal levels were decreased compared to interphase as previously reported (Dammermann and Merdes, 2002) . By contrast, Mib1 was essentially asymmetric in prophase but displayed both asymmetric and symmetric centrosomal localizations at anaphase and telophase, suggesting a redistribution mechanism taking place during mitosis ( Figure 1G ). Similar data were obtained using Mib1-Myc ( Figure S1E ) and Mib1-GFP fusion proteins (see live data below). Two scenarios could explain Mib1 localization on both centrosomes: Mib1 is redistributed between the two centrosomes during mitosis or an additional pool of Mib1 is recruited to the mother centrosome during mitosis.
A Pool of Mib1 Associated with the Golgi Apparatus Compensates for Centrosomal Asymmetry in Symmetric Divisions
To explore these possibilities, we analyzed the dynamics of Mib1-GFP distribution in relation with the centrosomes (labeled with PACT-mKO1; Konno et al., 2008) during mitosis in live experiments at E3. We categorized dividing cells a posteriori in two populations depending on whether Mib1-GFP was inherited symmetrically or asymmetrically by the daughter cells at the end of mitosis. In both populations, Mib1-GFP was enriched at only one of the two poles at the entry in mitosis (Figure 2A , white arrowheads). However, when Mib1-GFP final distribution was symmetric, a scattered ''cytoplasmic'' (non-centrosomal) pool of Mib1-GFP could be detected early in mitosis (Figure 2A , top, blue arrowheads; Figure S2B , top) and progressively aggregated around the spindle pole initially devoid of Mib1-GFP (Figure 2A , top; Figure S2A , black lines). Transverse reconstruction indicated that this scattered pool emanated from the basal part of the cell (Figure 2A , top-transverse, blue arrowheads). By contrast, in cells dividing asymmetrically, we did not detect any scattered pool of , and OFD1-GFP (vi) in relation with the cilium (blue) and the centrioles (green). The daughter centriole is identified as the one not carrying the cilium and is framed with a dotted line. The juxtaposed diagrams indicate the average intensity of each marker in the vicinity of the mother (black) or the daughter centriole (gray). Data represent means ± SEM, ***p < 0.001 (Student's t test); n = 49, 28, 31, 24, 20, and 28 cells analyzed for Mib1, AZI1-Flag, PCM1, Mib1-RFP, BBS4-GFP, and OFD1-GFP, respectively. The measurement method is schematized in vii and detailed in the appropriate section. In (A)-(C), centrioles are labeled with Centrin2-GFP (A; i and iii), pan-centrin antibody (B, right; iv), FOP antibody (B, left; ii, v, and vi) . The cilium is labeled with Arl13b-GFP (ii and iv-vi) or Arl13b antibody (i and iii). (D) Top: average intensities of Mib1-Myc staining at the centrosome in control versus AZI1-Nter-transfected embryos. Data represent means ± SEM, **p < 0.01 (Student's t test), n = 70 and 57 cells analyzed for control and AZI-Nter conditions, respectively. Bottom: apical views showing the localization of Mib1-Myc (red) in relation with the centrioles (blue) and tight junctions (labeled with ZO1-GFP in green) in the two situations. (E-G) The diagrams indicate the symmetry index for PCM1 (E), AZI1-Flag (F), and Mib1 (G) at the centrosome in comparison with the centrosome markers gTubulin and FOP in mitotic cells (each mark corresponds to a single cell; horizontal bars correspond to medians; the pink dotted line indicates the value of the mean centrosomal marker index minus its SD (for all mitotic phases), providing a threshold above which distribution is essentially symmetric). In the case of PCM1, cells were divided into two populations, displaying low versus medium and high PCM1 centrosomal enrichment (see Method Details). The lower panels show representative examples of the localization of PCM1, AZI-Flag, and Mib1 (red) in relation with the centrosomes (blue) and chromosomes (green), labeled with the indicated markers and at the indicated mitotic stages.
Mib1 (Figure 2A , bottom; Figure S2A , gray lines; Figure S2B , bottom). Hence, asymmetric Mib1 localization at one spindle pole is a common feature of neuroepithelial cells entering mitosis at E3. However, in cells displaying symmetric Mib1 distribution at the end of mitosis, an extra pool of Mib1 is released and aggregates around the Mib1-free spindle pole to compensate for the initial asymmetry. To identify the origin of this non-centrosomal pool, we investigated Mib1 tissue distribution on transverse sections of the neural tube at E2 when divisions are mostly proliferative, at E3 when proliferative and neurogenic divisions coexist, and at E4 when mostly neurogenic divisions take place (Saade et al., 2013) . This revealed a striking shift from an elongated staining at E2 to an apical staining at E4, while both localizations were observed at the intermediate stage E3 (Figure 2B ). The elongated staining was observed in the apical half of the ventricular zone, which is reminiscent of the Golgi apparatus (GA) position in before mitosis, the cell displays an apical (white arrowhead) and a GA-associated (pink arrowhead) pool of Mib1-GFP. Time points 28 0 -52 0 : the cell enters mitosis and the GA-associated Mib1-GFP detaches from the GA as the latter fragments. The dotted line schematizes the outline of the cell. 11 cells (3 embryos from 3 independent experiments) with a similar behavior were monitored. Three other examples are displayed in Figure S2 .
neuroepithelial cells (Taverna et al., 2016; Zhou et al., 2007) . Indeed, staining with the GA marker Giantin revealed a co-localization with Mib1 at E2 and E3 ( Figure 2B , top). Conversely, the apical staining overlapped with the centrosomal marker g-Tubulin at E3 and E4 ( Figure 2B , bottom). This indicates that Mib1 localization in progenitors evolves over time from the GA to an asymmetric localization on the daughter/young centriole/centrosome. Remarkably, at E3, when symmetric and asymmetric divisions coexist, Mib1-RFP was either localized to both the GA (note the overlap with the GA reporter GalT-CFP) and the apical pole or restricted to the apical pole in interphase ( Figure 2C ). An attractive hypothesis is that the Mib1 GA-associated contingent corresponds to the non-centrosomal pool observed in symmetric mitoses ( Figure 2A , top panel). To investigate this possibility, we monitored the dynamics of Mib1 and GalT in cells displaying symmetric Mib1 localization in mitosis ( Figure 2D ; Figure S2C ). We observed two pools of Mib1 before mitosis-one located at the apical surface (presumably associated with the centrosome given our previous results) and one associated with the GA ( Figure 2D ; Figure S2C, white and magenta arrowheads, respectively). As the cell entered mitosis, the GA fragmented and the GA-associated pool of Mib1 was released, and the two pools of Mib1 remained at a distance from each other, consistent with their inheritance by the two daughter cells. Taken together, these results suggest that progenitors displaying both a centrosomal and a GA-associated pool of Mib1 experience a re-equilibration mechanism allowing similar amounts of Mib1 to aggregate at mother and daughter centrosomes, thus leading to equal inheritance of Mib1 by the daughter cells. Conversely, when only the centrosomal pool of Mib1 is present, its distribution remains asymmetric and Mib1 will be inherited by only one of the two daughter cells. Mib1 is thought to be active at the cell membrane, where it promotes the ability of Notch ligands to trans-activate the Notch pathway in neighboring cells. Nevertheless, our data suggest that most of the Mib1 protein in cycling progenitors is associated with the GA and centriolar satellites. These cellular structures may therefore represent storage compartments that allow the routing of defined amounts of Mib1 to the daughter cells following division.
Asymmetric Mib1 Distribution Correlates with Neurogenic Divisions
Given the role of Mib1 in neurogenesis (Dong et al., 2012; Kang et al., 2013) , we analyzed the correlation between its symmetric versus asymmetric centrosomal inheritance and proliferative P-P (Progenitor-Progenitor) versus neurogenic P-N (Progenitor-Neuron) modes of divisions. Asymmetric inheritance of Mib1-GFP has been reported in neurogenic divisions of the zebrafish forebrain and spinal cord, but fate tracking led to opposite conclusions regarding the identity of the daughter inheriting Mib1 (Dong et al., 2012; Kressmann et al., 2015) .
We used en-face live imaging to follow Mib1-GFP and centrosome distribution in dividing cells and track the fate of their progeny between E3 and E4 (Figures 3A-3C ; n = 27 clones from 7 embryos). Importantly, expression of saturating levels of Mib1-Myc from the strong chick b-actin (CAGGS) promoter did not have any impact on the differentiation rate 40 hr after electroporation ( Figure S3A ). In addition, for live-tracking experiments, we expressed Mib1-GFP under the control of the weaker cytomegalovirus immediate-early (CMV) promoter. Following mitosis, daughter cells were categorized as progenitors when they divided again and as neurons when they withdrew their apical foot (identified by the centrosome), since apical detachment is a hallmark of neuronal commitment (Das and Storey, 2014) . In 12 out of 27 analyzed divisions, Mib1 was inherited symmetrically. These correspond to P-P divisions, producing daughter cells that both divided again (Figures 3A and 3C ; n = 11/12 cases). By contrast, in the remaining 15 clones, Mib1 distributed asymmetrically and P-N identities were observed in the progeny (n = 10/15 cases), where the daughter cell with the highest amount of Mib1 after mitosis eventually entered differentiation (Figures 3B and 3C ; n = 9/10 cases). To confirm that the differentiating cell inherits Mib1, we used two other independent criteria to assign daughter cell identity. First, we monitored basal cell attachments following division on transverse sections. Previous work has shown that the prospective neuron transiently loses its basal attachment during cytokinesis and grows a new basal process (Das and Storey, 2014) . Indeed, we observed that when Mib1-RFP was asymmetric, it was carried by the daughter cell losing the basal attachment upon mitosis (n = 10/11 cases, Figure 3D ). Second, we followed the dynamics of the apical area in new-born daughter cells. While cycling progenitors maintain an approximately constant apical surface between two mitoses ( Figures S3B and S3B 0 ), prospective neurons progressively shrink their apical surface before they eventually delaminate (Figures S3B and S3B 00 ). Accordingly, differentiation (revealed by bIII-tubulin expression) is exclusively observed in cells that have strongly reduced their apical area ( Figure S3C ). We then analyzed Mib1-GFP distribution in pairs of cells for which apical shrinkage was observed in one of the daughters. In the majority of these pairs (n = 16/19), the cell that inherited Mib1 progressively shrank its apical area while its sibling did not ( Figures S3D and S3D 00 ). Altogether, these fate-tracking experiments indicate that P-N divisions are strongly correlated with asymmetric Mib1 distribution and that Mib1 is disproportionally inherited by the prospective neuron.
Delocalizing Mib1 from the Centrosome Leads to Reduced Neurogenesis and Symmetric Notch Activation in Sister Cells
These observations suggested that loading Mib1 on a unique spindle pole is an instructive signal for asymmetric fates. To address this functionally, we sought to interfere with Mib1 distribution without changing the amount of Mib1 protein. We took advantage of the AZI1-Nter construct described above (Figure 1D ) to prevent Mib1 centrosomal localization. Overexpression of AZI1-Nter led to a scattered distribution of Mib1-Myc in mitotic cells, suggesting symmetric inheritance by the daughter cells ( Figure S4A ). In interphase, Mib1 was no longer concentrated at the apical pole but instead enriched at the cell membrane ( Figure S4B ). Thus, Mib1 association with centriolar satellites may be a way to limit its activity by keeping it away from the plasma membrane, where Notch ligands are expected to be present. We first analyzed the consequence of delocalizing Mib1 on daughter cell fate: 40 hr after electroporation at E2, neuronal differentiation was significantly reduced in embryos transfected with AZI1-Nter ( Figure 4A ; Figure S4C ), and many ectopic Top and bottom panels show apical and transverse views, respectively, while the middle panels schematize the position of Mib1 (green) and centrosomes (red) in interphase (black dotted line) and mitosis (gray dotted line). Arrowheads point to centrosomes and the asterisks indicates the loss of centrosomal staining from the observation field. The right panel is a schematized transverse view of each situation using the same color code. In all cells followed, Mib1-GFP was detected in the first cell division. However, Mib1-GFP localization at the centrosome was very variable over time in each cell, due either to Mib1 dynamics or to photobleaching. Thus, Mib1-GFP distribution was only considered for the first division and was used to categorize daughter cells as having or not inherited Mib1-GFP. n = 27 clones analyzed from 7 embryos. Sox2+ cells appeared in the mantle zone ( Figure 4A, brackets) . EdU incorporation confirmed that the ectopic Sox2+ cells were proliferative ( Figure S4D ). Importantly, simultaneous expression of a dominant-negative form of Mib1 (DMib1; Zhang et al., 2007) counteracted the differentiation defects caused by AZI1-Nter overexpression ( Figure S4C ). This supports the notion that the phenotype primarily results from a gain of Mib1 activity caused by the disruption of Mib1 localization at centriolar satellites.
To investigate whether this change in the differentiation rate was a consequence of a change in the mode of division, we carried out a clonal analysis using the Brainbow technique. Embryos transfected with the Cytobow vector (Loulier et al., 2014) and limiting amounts of Cre recombinase were harvested 40 hr later. Two cell clones were selected on the basis of color identity and categorized as P-P, P-N, or N-N according to the expression of the neuronal marker HuC/D ( Figure 4B , left and middle). Expression of AZI1-Nter led to an increase in the number of P-P clones at the expense of P-N clones ( Figure 4B , right). To investigate the molecular mechanism responsible for this effect, we monitored the level of Notch activity in sister cells. Notch signaling has a well-established role in the maintenance of the undifferentiated state in the nervous system and is lost in differentiating neurons. We used the ability of Inscuteable expression to promote P-N divisions, a phenotype associated with asymmetric Notch activation between sister cells (Das and Storey, 2012) . We then tested whether delocalizing Mib1 could block this effect. Embryos were transfected at E2 in clonal conditions (see Method Details) with Inscuteable and the Notch activity reporter Hes5-VNP (Venus-NLS-PEST) (Das and Storey, 2012; Vilas-Boas et al., 2011) either with a control vector or with AZI1-Nter ( Figure 4C ). As expected, Inscuteable overexpression resulted in a clear asymmetric activation of Hes5-VNP within most pairs of sister cells 20 hr after transfection. By contrast, when AZI1-Nter was co-transfected, the activation of the Notch reporter was high and symmetric in most cell pairs. This suggests that symmetric inheritance of Mib1-resulting from its delocalization from the centrosomeis sufficient to induce reciprocal activation of Notch signaling in sister cells and is also consistent with the observed enrichment of Mib1-RFP at the membrane upon AZI1-Nter expression (Figure S4B) . Taken together, our results suggest that Mib1 asymmetric centrosomal localization in neurogenic divisions is essential to allow the prospective neuron to inherit the majority of the Mib1 pool and therefore maintain its sibling in an undifferentiated state through Notch trans-activation.
DISCUSSION
In this report, we identify Mib1, a known regulator of Notch signaling, as an intrinsic fate determinant whose asymmetric localization to the spindle poles of dividing progenitors biases fate choices of the daughter cells. This asymmetry is determined during interphase through the association of Mib1 with centriolar satellites. These structures are emerging as a crucial regulatory hub for protein trafficking that controls sorting of components involved in centriolar and pericentriolar organization as well as ciliogenesis (B€ arenz et al., 2011; Tollenaere et al., 2015) . Here, we reveal an unexpected enrichment of the satellite markers PCM1 and AZI1 at the daughter centriole. We propose that they provide a docking point for the asymmetric localization of Mib1 in both interphase and mitosis. Disruption of this interaction leads to symmetric Mib1 localization in mitosis, reciprocal Notch activation between sister cells, and eventually a reduction in neurogenesis. While the mechanism controlling satellite polarization remains to be elucidated, our work links, for the first time, the constitutive asymmetry in centrosome biogenesis to a signaling pathway involved in fate choices. Furthermore, we identify a remarkable process by which Mib1 centrosomal asymmetry is rebalanced during mitosis in symmetric/proliferative divisions through the release of an additional pool of Mib1 that was initially associated with the GA. As development proceeds and neurogenic divisions become predominant, the localization of Mib1 progressively shifts from the GA to the centrosomal region, providing the first example of a fate determinant that maneuvers between the two organelles in relation to a differentiation process. Since Mib1 is expected to interact with Notch ligands at the cell membrane, these successive storage steps in cycling progenitors appear to essentially have a routing function in order to control the provision of adequate levels of Mib1 to the daughter cells. While our observations were made at an early developmental stage during the rapid transition from the amplification of the progenitor pool to massive neuron production, it will be important to investigate whether such routing dynamics also control stem cell homeostasis in the mature nervous system and in other tissues that depend on Notch signaling for cell-fate decisions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
JA57 chicken fertilized eggs were provided by EARL Morizeau (8 rue du Moulin, 28190 Dangers, France). They were incubated at 38 C in a Sanyo MIR-253 incubator for the appropriate time.
METHODS DETAILS Electroporation and Plasmids
Electroporation in the chick neural tube was performed at embryonic day 2 (E2), by applying 5 pulses of 50 ms at 25 V with 100 ms in between, using a square wave electroporator (Nepa Gene, CUY21SC) and a pair of 5 mm Gold plated electrodes (BTX Genetrode model 512) separated by a 4 mm interval. For spinal cord slice culture ( Figure 3D ) and clonal analysis ( Figure 4C ), lower voltage (3 pulses of 50 ms at 17 V with 950 ms in between) were applied to obtain isolated cells (Das and Storey, 2012) . The chick version of Mib1 (cMib1) was cloned and inserted in either CMV (weak expression in the chick) or CAGGS (strong expression) promoter vectors as follows: CMV-cMib1-GFP, CMV-cMib1-RFP, pCAGGS-cMib1-GFP, pCAGGS-cMib1-RFP, pCAGGS-Myc-cMib1. CMV-cMib1 vectors were transfected at 1 mg/mL; pCAGGS-Myc-cMib1 was transfected at 0.05 mg/mL for localization experiments ( Figure S1E ) and at 1 mg/mL for overexpression ( Figure S3A ). For slice cultures, pCAGGS-cMib1-RFP was transfected at 0.5 mg/mL but in low voltage conditions (described above). For the en face cultures shown in Figure S3 , pCAGGS-cMib1-GFP was transfected at 0.025 mg/mL. For the AZI1-Nter construct, the N-terminal part (aa 1-256) of chick AZI1 was cloned into pCAGGS and transfected at 1 mg/mL. AZI1-Nter induced significant cell death, which was blocked by co-transfecting a pCAGGS-p35 vector at 1 mg/mL (a gift from A.Ché dotal). For the dominant negative Mib1 (DMib1) (Zhang et al., 2007) , a version lacking the ring finger domain (aa 1-767) was amplified from the cMib1 cDNA, inserted into pCAGGS-IRES-H2B-Cherry and transfected at 1 mg/mL. GalT-CFP (a gift from J. Livet) and GalT-RFP correspond to the Nter part of Galactosyl-Transferase fused to CFP or RFP and were used at 1 mg/mL. The other plasmids were used with the following concentrations: pCX-EGFP-ZO1 (Konno et al., 2008 ; a gift from F. Matsuzaki) and pCX-Cherry-ZO1 were transfected at 0.2 mg/mL; pCX-Centrin2-GFP, 0.1 mg/mL; pCX-Arl13b-GFP (a gift from N.Spassky), 1 mg/mL; pCX-mbGFP, 0.5 mg/mL; pCX-mbVenus, 0.5 mg/mL; pCX-H2B-mRFP1 (a gift from S. Tajbakhsh), 0.1 mg/mL; pCX-PACT-mKO1 (Konno et al., 2008 ; a gift from F. Matsuzaki) 0.3 mg/mL; pCX-Cre (Morin et al., 2007) , 0.5 ng/mL; Cytobow (Loulier et al., 2014) 0.5 mg/mL,, pBabe-BBS4-GFP (Nachury et al., 2007 ; a gift from M. Nachury) 1 mg/mL; CMV-GFP-OFD1 (Lopes et al., 2011 ; a gift from A. Fry) 1 mg/mL; pCX-mInsc-IRES-H2B-RFP (Das and Storey, 2012 ; a gift from K. Storey) 1 mg/mL; HES5-VNP (Vilas-Boas et al., 2011; a gift from D. Henrique), 1 mg/mL; pAZI-Flag (Chamling et al., 2014 ; a gift from V. Sheffield), 1 mg/mL.
Immunohistochemistry
Chick embryos were fixed for 1 hr in ice-cold 4% formaldehyde/PBS, and rinsed 3 times in PBS. For cryosections, they were equilibrated at 4 C in PB/15% Sucrose and embedded in PB/15% Sucrose/7.5% gelatin before sectioning. Before immuno-staining, cryosections were equilibrated at room temperature, degelatinized in PBS at 37 C 3 times 5 min, before a 30 min blocking step in PBS-0.1%Triton /10% Fetal Calf Serum (FCS). Slides were then incubated with the primary antibodies diluted in the blocking solution at 4 C over-night. The following day, slides were washed 3 times 5 min in PBS-0.1%Triton, incubated 2h with the adequate secondary antibodies at room temperature, washed again 3 times and mounted with DAPI containing Vectashield (Vector Labs).
For vibratome sections, embryos were embedded in 4% agarose (4 g agarose in 100 mL water, boiled in microwave and cooled at 50 C). Samples were included in plastic dishes containing 1 mL agarose, and cooled until agarose became solid. Thereafter, 100 mm floating vibratome sections were incubated with the mouse anti-HuC/D antibody in PBS-0.1%Triton for 48 hr at 4 C. Sections were rinsed several times in PBS and incubated with secondary antibody in PBS for 48 hr at 4 C. After 24 hr washing (several times) in PBS, sections were mounted on slides with DAPI containing Vectashield.
For en-face views, fixed embryos were cut along their midline and bathed 1 hr in blocking solution (PBS-0.3%Triton/10%FCS), followed by over-night incubation at 4 C with the primary antibodies diluted in the blocking solution. The next day, embryos were washed 4-5 times with PBS-0.3%Triton, incubated over-night at 4 C with the secondary antibodies, washed again 3 times 10 min in PBS-0.3%Triton and flat-mounted (apical side facing the coverslip) with DAPI containing Vectashield.
Primary antibodies used are: mouse anti-g-Tubulin (clone GTU-88) and mouse anti-c-Myc (clone 9E10) from Sigma Aldrich; rabbit anti-Mib1 from Biorbyt (orb33792); rabbit anti-Mib1 from Sigma-Aldrich (M5948); mouse anti-Giantin (clone G1/133) from Enzo Life Sciences; rabbit anti-PCM1 (clone G2000) from Cell Signaling Technology; goat anti-Sox2 (clone Y-17) from Santa Cruz; mouse antipan centrin (clone 20H5) from Millipore; mouse anti-HuC/D (clone 16A11) from Life Technologies; mouse anti-Tuj1 from Covance; rabbit anti-FOP (FGFR1 Oncogene Partner) was a gift from Olivier Rosnet (Acquaviva et al., 2009) . For Mib1 antibody, embryos destined for cryosectioning were fixed in 4% formaldehyde/PBS-Triton 0.3%, while embryos destined for en-face views were fixed 20 min in Methanol/Acetone at À20 C. For g-tubulin antibody, embryos were incubated for 10 min in 100% acetone pre-equilibrated at À20
C, and rinsed twice in PBS at room temperature before the blocking step. Secondary antibodies coupled to Alexa Fluor 488, Cy3 or Alexa Fluor 649 were obtained from Jackson laboratories.
Time-Lapse Microscopy and Analysis of Cultured Chick Neural Tube
En-face Culture En-face culture of the embryonic neuroepithelium was performed at E3 (24 hr after electroporation), except for the Mib1-GFP/ GalT-RFP co-transfection experiment, for which embryos were transfected at E2 and harvested 8 hr later, at a stage where mostly symmetric divisions occur. After removal of extraembryonic membranes, embryos were transferred to 37 C F12 medium and slit along their midline from the hindbrain to the caudal end. The electroporated side of the neural tube was peeled off with dissection forceps and equilibrated 5 min in 1% agarose F12 medium at 38 C. It was then transferred to a glass-bottom culture dish (MatTek, P35G-0-14-C) and excess medium was removed so that the neural tube would flatten with its apical surface adhering to the bottom of the dish. After 30 s of polymerization on ice, an extra layer of agarose medium was added and left again on ice. After 2 min, 3 mL of culture medium was added (F12/Penicillin Streptomycin/Sodium pyruvate) and culture dishes were transferred to 37 C. Slice Culture For slice cultures, embryos were electroporated under low voltage conditions (detailed in the first section) at E2.5 and harvested 6 hr later, in order to obtain isolated cells at a developmental stage at which asymmetric divisions are well represented. After dissection, embryos were transferred to a tissue chopper (Mc Ilwain) and 200 mm thick transverse sections were cut. Sections were then transferred to cold 199 medium and sorted out under a fluorescence dissection microscope to control tissue integrity and the presence of isolated cells. They were then equilibrated in a drop of type Ia collagen (Cellmatrix, Nitta Gelatin; diluted to 2.4 mg/mL with DMEM/F-12 and neutralizing buffer according to the manufacturer's protocol) and kept on ice. Then 3 to 4 collagen drops (5 mL) were distributed on a glass-bottom culture dish pre-coated with poly-L-lysin (1 mg/mL) and 2 to 3 neural tube slices were transferred to each collagen drop. The slices were then briefly checked under fluorescence and oriented such that the side to image was facing the coverslip. The dish was then placed 10min at 37 C for the collagen to polymerize and 3 mL of culture medium (199 medium, 5% FCS, GlutaMax, Gentamycin 40 m/mL) was gently added.
Image Acquisition and Treatment
Optical sections of fixed samples (en-face views from half embryos or transverse views from cryosections) were obtained on a confocal microscope (model SP5; Leica) using 20x and 40x (Plan Neofluar NA 1.3 oil immersion) objectives and Leica LAS software. For time-lapse experiments, images were acquired either with a 40x water immersion objective (APO LWD, NA 1.15, Nikon) on an inverted microscope (Nikon Ti Eclipse) equipped with a heating enclosure (LIS, Switzerland), a spinning disk confocal head (Yokogawa CSU-X1), Metamorph software (Molecular Devices) and an emCCD Camera (Evolve, Roper Scientific); or a 100x oil immersion objective (APO VC, NA 1.4, Nikon) on an inverted microscope (Nikon Ti Eclipse) equipped with a heating enclosure (DigitalPixel, UK), a spinning disk confocal head (Yokogawa CSU-W1), MicroManager software (Edelstein et al., 2010) and an sCMOS Camera (Orca Flash4LT, Hamamatsu). We recorded 20/45 mm thick z stacks (1/1.5 mm between individual sections) at 4/7 min intervals for enface/slice cultures, respectively. To monitor Mib1-GFP in parallel with GalT-RFP ( Figure 2D ; Figure S2C ), en-face culture was carried out and up to 80 mm thick z stacks (1 mm between individual sections) at 4 min intervals were recorded. For image processing and data analysis, we used the ImageJ software (Schneider et al., 2012) . In addition, for Mib1-GFP/GalT-RFP movies, a 3D crop was performed in Imaris to isolate the cell of interest. Images were finally subjected to brightness and contrast adjustments to equilibrate channel intensities and background using Adobe Photoshop CS4 software.
Image Quantifications Protein Distribution of Mib1 and Satellites at Mother and Daughter Centrioles
A rectangular zone of interest spanning successively the mother and daughter centrioles was drawn and the average intensity of the protein signal (minus the background of the acquisition field) was obtained for each position along the mother-daughter axis (schematized in Figure 1Cvii ). Interpolation was then used to re-assign the obtained values along a 28 bin axis. Normalization on the total amount of signal was carried out for each individual picture. The averages of each position were plotted in Figure S1A (normalized to the maximum) and the sum of the positions 1-14 (mother centriole) and 15-28 (daughter centriole) were displayed for each marker in Figure 1C , right panels. Centrosomal Localization of Mib1-Myc, PCM1 and AZI1-Flag in Control and AZI1-Nter Embryos Mib1-Myc and AZI1-Flag average pixel intensity in the centrosomal area was normalized to the average pixel intensity of ZO1-GFP and compared between control and AZI1-Nter transfected embryos. For PCM1 staining, the ratio of the average pixel intensity in the centrosomal area between transfected and non-transfected cells was measured for different acquisition fields. Importantly, all pictures of a given marker were taken during a unique confocal session with identical parameters.
Calculation of the Symmetry Indices in Dividing Cells
To calculate the index of symmetry in dividing cells from fixed data (Figures 1E-1G) , a z-projection (1 mm spaced optical sections) of the entire cell was obtained using ImageJ. The average pixel intensity of identical areas around each centrosome (minus background) was taken and the ratio of the lowest by the highest average intensity was calculated. In the case of PCM1, the ratio between the centrosomal and non-centrosomal fractions was calculated and the results were normalized to 1. The blue and red triangles in Figure 1E correspond to cells for which the ratio is under 0.2 or between 0.2 and 1, respectively.
The symmetry index in live experiments was measured as follows: for each time point in a series, the entire cell volume was z-projected. Cytoplasmic Mib1 symmetry index was measured by quantifying the Mib1-GFP signal intensity in the two halves of a single cell delineated by the bisector of the line joining the two centrosomes. For each cell, values measured in the half cell that contained the Mib1-GFP positive centrosome at the beginning of the time series were used as the denominator throughout the time series. Centrosome Mib1 symmetry index was measured by quantifying the Mib1-GFP signal at (or closely associated with) each centrosome, using values from the centrosome harboring Mib1-GFP at the beginning of the time series as the denominator. Cells were grouped in two populations as a function of their symmetric or asymmetric distribution of Mib1 in telophase. Within these two groups, for each phase of cell division (prophase, metaphase, ana/telophase, and post-division interphase), one single average value was calculated from all time points of all cells in this phase.
Differentiation Rate
The differentiation rate was obtained by dividing the number of H2B-Cherry+/Hu+ cells by the total number of H2B-Cherry+ cells and compared between control and AZI1-Nter situations.
Brainbow Analysis
The cytobow vector was transfected at 0.5 mg/mL together with pCX-Cre at 0.5ng/mL, and co-transfected either with a control vector or an AZI1-Nter construct at 1 mg/mL. 40 hr after transfection, embryos were harvested and subjected to transverse vibratome sections before immunostaining (detailed above). Stacks of images (50 to 80 images per stack, with a z step of 1 mm) on 100 mm vibratome sections were taken on a confocal microscope (model SP5; Leica) using 20x (Plan Neofluar NA 1.3 oil immersion) objectives and Leica LAS software. Measurements were obtained from seven embryos transfected with an empty vector and from eight embryos transfected with an AZI1-Nter construct. Each clone was identified on the basis of color similarity and proximity between cells. Notch Activity in Sister Cells Embryos were co-transfected at E2 with the Hes5-Venus-NLS-PEST (Vilas-Boas et al., 2011) (Venus linked to a nuclear localization signal followed by the PEST degradation sequence under the control of the promoter of the Notch target gene Hes5) at 1 mg/mL and pCAGGS-Inscuteable-IRES-H2B-RFP at 0.1 mg/mL together with an empty vector or AZI1-Nter, in low voltage conditions (17 V), and incubated for 20 hr. Two-cell clones were selected based on proximity and intensity of the H2B-RFP signal (only pairs of cells showing a ratio of intensity above 0.8 were considered). The ratio of the VNP signal (low/high) between the two cells was then calculated and plotted for each condition.
Statistical Analyses
For datasets following a normal distribution ( Figures 1C, 1D , and 4A; Figure S1C , S1D, S3A-S3C, and S4C), analyses were carried out in Excel and significance was calculated using a Student's t test. Data represent means ± SEM, **p < 0.01, ***p < 0.001. For the analysis of symmetry indices (Figures 1E-1G ; Figure S1E ), we used a Mann-Whitney test performed with GraphPad Prism (GraphPad software). Horizontal bars correspond to medians, ***p < 0.001. For comparison of PP and PN clones in Figure 4B , a Chi2 test was carried out in Excel. For quantitation, unless actual numbers are specified in the text or figure legends, at least two 2 embryos were analyzed for protein localization, and at least 3 embryos were used for functional approaches. No randomization or blinding strategies were used at any stage of the study. Exclusion criteria: for long term fate analyses, cells with obvious abnormal behavior (dying cells, strong fluorescent protein aggregates) were not included in the analyses.
